Summary. Trace amounts of oxidic plutonium species were studied by thermochromatography in silica glass columns in comparison to oxidic species of Th, Pa, U, Np, and Am. Humid oxygen was used as reactive admixture to the carrier gas helium. The thermochromatographic behavior of plutonium provides evidence for the oxidation of Pu(IV) to Pu(VI) with humid oxygen. The gas chromatographic transport of U, Np, and Pu is governed by the surface reaction
Introduction
The variety of at least five oxidation states in aqueous solution is one feature of the unique and complex chemistry of plutonium. In contrast, the binary plutonium oxides do not exhibit such a variety of oxidation states. For a long time PuO 2 has been recognized to be the highest solid anhydrous binary plutonium oxide. Several attempts to oxidize PuO 2 to higher oxides failed [2, 3] . PuO 3 ·0.8H 2 O can be prepared by oxidation of plutonium(IV) hydroxide with ozone [4] but its calcination to the anhydrous PuO 3 was unsuccessful [5] . Evidence for higher oxides was obtained not earlier than 1993 when Stakebake et al. reported that water vapor oxidizes plutonium metal at the gas-solid interface to PuO 2.17 containing plutonium(VI) [6] . Krikorian et al . studied the volatility of PuO 2(s) in the presence of humid oxygen and explained the plutonium volatility data by the formation of PuO 3(g) and PuO 2 (OH) 2(g) [7] . They measured total vapor pressures of Pu species over PuO 2 to a superstoichiometric solid solution denoted as PuO 2+x (x ≤ 0.27) [8] . XPS data of the oxide formed were interpreted with substitution of Pu(VI) for Pu(IV) on cationic sites of PuO 2+x . Subsequent EXAFS measurements revealed the oxidation to Pu(V) and not to Pu(VI) [9] . The existence of a PuO 2+x phase stable at room temperature has implications for both plutonium technology and long-term storage because Pu(V) and Pu(VI) are considerably more mobile in aqueous media than Pu(IV). The report by Haschke et al. stimulated numerous studies dealing with the oxide chemistry of plutonium, e.g. mass spectrometric measurements by Ronchi et al. [10] , investigation of plutonium oxide cluster ions by Gibson and Haire [11] , thermochromatography experiments by Domanov et al. [1, 12] , and, only recently, redox reaction studies of Pu(IV) hydrous oxide by Neck et al. [13] . In the mass spectrometric measurements carried out by Ronchi et al. [10] above 1800 K PuO 3 became measurable. Already in 1997, long before the publication by Haschke et al., Domanov et al. [1, 12] studied trace amounts of 238 Pu and 239 Pu which were deposited on silica powder and heated up to 650
• C in the starting section of thermochromatography columns made of open quartz tubes. Purified helium was used as a carrier gas, oxygen as a reactive gas. At admixtures of oxygen between 1 and 50% more than 80% of the plutonium were volatilized and deposited in four different zones along the column. The experimental results were compared with the behavior of Tc, Ru, Re, Os, U, and Cf under similar conditions and interpreted with the formation of PuO 2 , PuO 3 , H 2 PuO 4 , and even PuO 4 . The results and their interpretation are quite striking, especially the comparatively high plutonium volatility and the oxidation to Pu(VIII).
The controversial gas phase chemistry reports motivated us to study the volatility of oxidic actinide species in the O 2 -H 2 O (g) /SiO 2(s) system also by thermochromatography [14] . Thermochromatography is a special variant of gas-solid chromatography in columns with a superimposed longitudinal temperature gradient. This is an adequate technique for physicochemical studies of the heaviest elements available only in trace amounts down to the atom-at-a-time level [15] [16] [17] [18] . Gas phase and/or gas-solid interface reactions and properties of trace amounts can be studied. Working with radioactive isotopes the species under study are detected by there radioactive decay. Because this is only nuclide-specific, chemical data have to be derived in an indirect way from the comparison with the behavior of well defined chemical species of well known elements studied simultaneously or under analogous conditions. From the thermochromatographic results obtained with micro amounts the corresponding data of macro amounts can be derived because the properties of trace amounts are in most cases quite well correlated to bulk properties [19] .
As established for the group 6 elements [20] and uranium [21] already earlier, in a moist atmosphere the volatility of trioxides is enhanced due to formation of volatile oxide hydroxides according to reaction (1):
Trace amounts of Mo and W have shown an analogous behavior in gas chromatographic experiments in silica glass columns which are governed by the surface reactions dissociative adsorption of oxide hydroxides and associative desorption according to reaction (2), a special case of reaction (1) [22, 23] :
The physico-chemical characterization of seaborgium as a typical group 6 element reacting to oxide hydroxides volatile at high temperatures was also based on reaction (2) [24] .
An enhanced volatility of plutonium in humid oxygen should indicate the oxidation of PuO 2 to the trioxide and the formation of the volatile PuO 2 (OH) 2 
Experimental
The thermochromatographic experiments were carried out with the commercial gradient oven model LORA 36 from HTM Reetz GmbH, Berlin. Empty silica glass tubes with an inner diameter of 3.5 mm were used as chromatography columns. Their effective length, i.e. the length of the temperature gradient between the hottest oven zone and the room temperature position some centimeters behind the low temperature oven end, was 35 cm. An aerosol filter was installed at the outlet of the columns. A mixture of He and O 2 in the ratio of 1 : 1 was used as the reactive mobile gas phase at a total flow rate of 100 cm 3 min −1 under standard conditions. The gas mixture was moistened by bubbling through water at defined temperatures. The partial pressure of water varied between 75 Pa (dry gas) and 3.2 kPa as measured with a Michell Instruments dewpoint hygrometer S 3005. In first experiments, both at on-line operation of the hygrometer or with PVC-hose used as gas tubes an unexpected high actinide volatility was observed which resulted obviously from the formation of actinide halides or oxyhalides in reactions with halide containing organic traces transpired from the PVC-hose and plastic components of the hygrometer. Therefore, in order to attribute the observed actinide volatility only to actinide oxides or oxide hydroxides the humidity was measured off-line in a bypass and solely polyethylene tubes and valves were used to connect the metallic and silica parts of the gas tubes and the chromatography columns.
The Pu) atoms per sample. The actinides were studied both in pairs and actinide by actinide. The actinide samples were prepared from nitric acid solutions by evaporation to dryness in small boat-shaped silica crucibles. Fuming with HNO 3 was repeated three times to remove traces of halide ions. Only in case of 234 U, which was studied first, the samples were prepared by evaporation and fuming on a quartz wool plug. Prior to thermochromatography actinide nitrates were converted into oxides by heating in dry oxygen at 1100 K for 10 min [25] . Experiments with control samples showed that all actinides under study remained quantitatively in the crucible during this calcination procedure.
To carry out a thermochromatography experiment a crucible containing an actinide sample was inserted into the column. While flushing the column with the reactive gas mixture, the oven, which at that time is in a stand by position some centimeters besides the sample, was heated up until temperature equilibrium was reached. Then the oven was moved into the working position, i.e. with its hottest zone at the position of the actinide sample, therewith starting chromatography. The temperature of the actinide sample was chosen between 975 and 1475 K, the maximum temperature at which silica columns can be operated, and kept for 30 to 120 min. To end a thermochromatography experiment the gas flow was interrupted and the column removed from the oven within 10 s. Then, the column was cut into 1 or 2 cm long sections which were leached with hot nitric acid. Thin-layer samples were prepared from the acidic solutions by evaporation on glass disks. The actinide concentrations of these samples were determined by alpha spectrometry. Gamma spectrometry was used to measure 233 Pa and 241 Am. The yields of the leaching processes were determined from activity balances. In order to evaluate the leaching yield, for some selected column sections leaching with nitric acid was followed by complete leaching with mixtures of fluoric acid and nitric acid. The activity of these solutions was measured by liquid scintillation counting.
Results and discussion

Uranium
At starting temperatures above 1170 K uranium became volatile in humid oxygen. In dry oxygen uranium remained nonvolatile. Fig. 1 shows as an example a chromatogram of 234 U, volatilized at 1425 K from a quartz wool plug. Depicted is the 234 U activity, leached nearly quantitatively from 1 cm pieces of the silica glass column. The relatively broad uranium peak at 1030 K indicates that the chromatographic process in the O 2 -H 2 O (g) /SiO 2(s) system is governed by surface reactions like reaction (2) and not by adsorption/desorption processes of invariable species like UO 3 . To describe gas chromatography of uranium in humid oxygen, not only the interaction of UO 3 (U 3 O 8 ) and UO 2 (OH) 2 with the adsorbent silica glass has to be taken into account, but also the reaction between the adsorbed UO 3 and the gaseous reactant H 2 O to UO 2 (OH) 2 . The temperature dependence of the latter surface reaction is comparatively weak, leading to peak broadening in thermochromatography.
A Monte Carlo simulation assuming reaction (2) and a reaction entropy ∆S In the experiment presented in Fig. 1 , about 35% of the uranium remained at the starting position on the quartz wool plug and the silica column, respectively. Both the uranium fraction remaining in the crucible and the uranium deposited on the column were leached nearly quantitatively. The high leaching yield indicates that competing processes like formation of nonvolatile silicates or solid solutions are negligible in case of uranium.
Uranium deposited on aerosol particles is transported out of the column and collected on a fiber glass filter. In case of uranium this fraction was always lower than 0.02% of the whole uranium amount. Aerosol particles may be formed via reactions of the column material with water to gaseous SiO(OH) and SiO(OH) 2 , observed at temperatures above 1200 K [26] .
The experimental results are interpreted with the formation of UO 2 (OH) 2 according to reaction (2) which is more volatile than UO 3 in agreement with former reports [21] .
Thorium, protactinium, neptunium, americium
Thorium and protactinium oxides were quantitatively retained in the silica crucible at temperatures up to 1475 K in humid oxygen, except for minor quantities lower than 0.1 per cent collected on the aerosol filters. The columns were completely free of thorium and protactinium. This indicates that thorium and protactinium do not form volatile species interacting with silica. The only explanation for the activity transport to the filters is that these traces were transported by aerosols and that the actinides are incorporated into the aerosol particles during their formation at the silica crucible surface.
The volatilization yield of neptunium in humid oxygen in the temperature range 1275 to 1475 K reached 1%. The thermochromatographic behavior of neptunium will be discussed later in the plutonium section in comparison with uranium and plutonium.
Americium, which was studied only in one experiment at 1375 K starting temperature in humid oxygen, remained nearly quantitatively in the silica crucible. Not more than 0.06% were volatilized and immediately deposited at the starting position without any chromatographic transport. The aerosol filter retarded about 0.005% of the whole americium. Obviously, americium does not form volatile oxide hydroxides.
Plutonium
The plutonium volatility and its thermochromatographic behavior have been studied in dependence on the starting temperature and the carrier gas composition. At starting temperatures of 975 K plutonium was found to be completely nonvolatile in dry as well as in humid He/O 2 gas mixtures. Plutonium became volatile above 1275 K and only in humid oxygen. Not more than 0.6% of the total plutonium amount could be volatilized from the silica crucible over the whole temperature and humidity range. In case of volatilization from quartz wool the volatilization yield was even lower (about 0.1%). For this reason, we continued the experiments exclusively with silica crucibles. In contrast to uranium, only about 2% of the plutonium which remained in the silica crucible were leachable. The plutonium deposited on the column could not be leached quantitatively as well. The leaching yield, which was determined for some selected column sections, varied between 10% at the temperature maximum and about 90% at the low temperature tail of the plutonium zone. Total plutonium amounts were estimated considering those leaching yields. The distribution of plutonium along the silica column after 30 min chromatography in humid oxygen at 1475 K starting temperature at the silica crucible position is shown in Fig. 2 .
Up to 0.05% of the total plutonium quantity were collected on the aerosol filter, more than in case of uranium. Obviously in case of plutonium its desorption respectively volatilization from the silica-like aerosol particles is negli- gible whereas in case of uranium due to its higher volatility the sorption on aerosol particles is overcompensated by the desorption of uranium species. As already discussed for thorium and protactinium, the incorporation of plutonium into the aerosol particles during their formation has to be considered. The low volatilization and leaching yields show that at temperatures above 1250 K silica does not behave chemically inert against oxidic plutonium species. To a large extent plutonium is removed from the gas chromatographic process due to reactions with silica to nonvolatile compounds or solid solutions. The surface reactions of oxidic plutonium species leading to a chromatographic transport are only side reactions. Therefore, the systematic variation of experimental parameters was hardly reflected in functional dependencies of volatilization yield, peak shape and position from the experimental parameters. In case of alternative column materials made of Al 2 O 3 (both sintered corundum and sapphire) or ZrO 2 the tendency to react with plutonium to nonvolatile compounds or solid solutions was even stronger. Fig. 3 summarizes thermochromatograms of U, Np, and Pu, volatilized at 1375 K from a silica crucible. The plutonium peak is flat in comparison to the uranium peak. The flat shape results from competing reactions which remove plutonium from the chromatographic process or at least slow it down. The position of the peak maximum at higher temperatures than the uranium peak position is possibly caused by this kinetic slow down.
However, the thermochromatographic behavior and the volatilization of up to 0.6% indicate the oxidation of PuO 2 with humid oxygen to volatile Pu(VI) oxide hydroxide species like PuO 2 (OH) 2 . The behavior of thorium and protactinium being practically nonvolatile under conditions favorable for the volatilization of plutonium supports this interpretation of the plutonium behavior.
Neptunium is distributed along the whole column with a small peak at 1000 K, about 200 K lower than the uranium peak. The position of the peak maximum indicates weaker interactions between silica and the volatile species as in case of plutonium. The behavior of neptunium is interpreted with the oxidation of NpO 2 to volatile Np oxide hydroxides, pre- sumably to NpO 2 (OH) 2 , as in case of plutonium. The different position of the neptunium peak maximum in comparison both to uranium and plutonium could be interpreted with the formation of a volatile Np(VII) oxide hydroxide, too.
Regarding the claim of Domanov et al. having produced PuO 4 we have severe doubts. Vaporization yields of plutonium higher than 80% in dry oxygen at 925 K in time periods as applied by Domanov et al. are inconceivable. Even though in our experiments the lowest temperature in the starting region of thermochromatography was 50 K higher and we followed the plutonium deposition only down to room temperature, we should have detected at least some signs of an oxidation up to PuO 4 . Neither during calcinations nor in experiments with dry oxygen at 975 K nor during the heating up periods of experiments with dry oxygen at higher temperatures, we detected any volatile plutonium species unless we used PVC-hose as gas tubes. In our experiments plutonium was deposited in one peak at higher temperatures than reported by Domanov. In Domanov's experiments plutonium was deposited in four peaks down to 170 K. As already mentioned in the experimental section, in a first series of experiments using PVC instead of polyethylene tubes and operating the hygrometer on-line, up to 10 ppm of the plutonium sample amount were volatilized at 975 K in the course of a 30 min experiment and deposited in three peaks at 975, 850, and 300 K, the lowest temperature to which we followed the plutonium deposition. Except for the low temperature peak detected at 170 K, the experimental results reported by Domanov are quite similar. We attribute the three peaks detected in our experiments to plutonium halides or oxyhalides which originate from reactions with organic halide traces transpired from the PVC-hose or reactive oxyhalides which are generated in reactions of oxygen with the halides. As known from other examples, the chemical characterization by thermochromatography requires that even minor reactive impurities must be removed completely or at least inactivated [15] . Otherwise, they could affect the chemical state in an undesired way. Misinterpretations of experimental results cannot be excluded. We think that indirect methods like thermochromatography are not conclusive enough for the identification of such controversially discussed species like PuO 4 . Direct speciation methods like mass spectrometric identification of the gaseous species should be applied.
Conclusions
The results of the thermochromatographic volatility studies of oxidic species in the O 2 -H 2 O (g) /SiO 2(s) system provide evidence for the oxidation of PuO 2 by moist oxygen. The thermochromatographic behavior of plutonium and its volatilization yield which is lower than that of uranium but essentially higher than those of thorium, protactinium, and americium, indicate the oxidation of PuO 2 to Pu(VI) oxide hydroxide species like PuO 2 (OH) 2 which are volatile at high temperature.
The results of the thermochromatographic studies presented here are in agreement with the data reported by Krikorian [7] , Haschke [8] , and Ronchi [10] .
Our studies clearly refute Domanov's claims. The vaporization yields reported by Domanov are in clear contradiction to our experimental results and also to the vapor pressure data measured by Krikorian [7] and Ronchi [10] .
In conclusion, we find oxidation of PuO 2 to oxidic Pu(VI) species but we did not find any evidence for the formation of PuO 4 .
